We suppose that the plates are pulled along on top of an effectively viscous asthenosphere by their cold dense sinking leading edges, and that they also tend to slide down the flanks of ocean ridge systems. Using reasonable literature values of density, viscosity and thickness, we find that a typical strong subduction zone pulls about seven times as hard as a typical mid-ocean ridge pushes. With the simplifying assumptions that other driving forces are much smaller, and the return current in the asthenosphere is everywhere (anti)parallel to the plate velocity, we perform a torque balance for each major plate in order to find its angular velocity, thus finding a set of relative angular velocities to compare with observations. The directions fit quite well but not the magnitudes. On the additional hypothesis that oceanic lithosphere thickens with age, owing to heat diffusion, the driving forces will be greater for large old plates. The fit is thereby greatly improved: predicted speeds are from 0.81 to 1.38 times the observed and the COCOS plate is not anomalous.
Introduction
Two mechanisms which must help to drive plate motions are subduction-zone pull and mid-oceanic push (Orowan 1965; Elsasser 1969; LIiboutry 1969) . There is considerable doubt whether they could be the principal mechanisms: see McKenzie (1969 McKenzie ( , 1972 , Artyushkov (1973) and McKenzie, Roberts & Weiss (1974) . We investigate the question by calculating the angular velocities which would result, for each plate in turn if no other driving forces acted, assuming that the motion is resisted only by Newtonian viscosity in the asthenosphere. Jeffreys (1970) gave a number of arguments against that last hypothesis, but they apply only when the total strain is small or less). Continental drift involves strains of order 10 in the asthenosphere.
To estimate the force pulling a plate down at a subduction zone, let us suppose that the plate consists of rock 0.05 g cm-3 heavier than the adjacent asthenosphere, in a 'tongue' 50 km thick which extends to a depth 300 km below the bottom of the horizontal part of the plate (hacks & Molnar 1969 , Hatherton 1970 . Many plates go deeper, of course, but they then seem to be pushing into progressively stronger Table 1 Moi?zents of forces on layers of the mantle rather than pulling on the upper parts of the plates (Isacks & Molnar 1969; Smith & Toksoz 1972) . It is then easy to see that the horizontalcomponent of the force acting on unit breadth of plate is 7.5 x lot5 dynecm-l, which is equivalent to a non-hydrostatic stress of 1500 bar in a slab 50 km thick. Many authors have found similar values, e.g. McKenzie (1969) . The pushing force per unit length of mid-ocean ridge is also easily estimated (Lliboutry 1969; Artyushkov 1974 ). An elevation of 2.5 km above the deep sea floor, density there 1.6 g cm-3 higher than that of water, and an ultimate lithosphere thickness of 80 km give 1.6 x 10' dyne cm-' if the lithosphere is uniformly 0.05 g cm-3 denser than the asthenosphere. On the more realistic hypothesis that the excess density varies linearly from zero at the bottom to 0.1 g cmW3 at the top of the lithosphere, we obtain 1 . 0 7~ lo1' dynecm-l; this value will be adopted here. Because a uniform stress normal to its boundaries can cause no motion of a plate, it is equally valid when calculating the resultant moment about the centre of the Earth to use either a push of 1-07 x 10'' dyne cm-l on those parts of the plate bouildary which are mid-ocean ridges or a pull of the same magnitude on those which are not.
Several subduction zones appear to fade out at depths considerably less than 300 km. Wherever Barazangi & Dorman (1 969) reported earthquakes between 100 and 200 km, but none deeper, we assign half the force per unit bieadth of a ' full strength ' subduction zone. In Table 1 we show the various zones and torque components adopted in this study. We use Cartesian axes with x towards latitude 0, longitude 0, y towards latitude 0, longitude +90" (i.e. 90" east), andz towards the North Pole (+90"), and assume a spherical Earth throughout. Units are chosen so that a 1" great-circle arc of full-strength subduction zone gives a moment of magnitude 1, halfstrength magnitude 0.5, and of mid-ocean ridge 0.142. Azimuths indicate the direction of the force on the plate, measured from 0" (north) and increasing anticlockwise (i.e. +90" westwards). High accuracy was neither striven for nor, in view of the many approximations made in the theory, necessary.
Asthenospheric drag
To find a first approximation to the drag on a moving plate, we suppose that the plate, of thickness h = 80 km, overlies asthenosphere of thickness 6 = 400 km and Newtonian viscosity q = 3.1 x lozo poise (Christoffel & Calhaem 1973) , and that the mantle below is so viscous that flow in it may be neglected. Values of both q and 6 can be found in the literature which disagree with ours by large factors; as will be seen below, our results are sensitive only to the value of q(46 +6h)/d2.
Curvature of the Earth will not seriously alter the parabolic velocity profile shown in Fig. 1 which results from assuming a plate velocity V throughout the depth h,
1. Velocity profiles assumed in the lithosphere and asthenosphere. and a return current in the asthenosphere, whose depth is small compared with the size of the plate. The drag force per unit area of plate is then -qV(46 +6h)/d2. With the velocity vector equal to w x r, where w is the angular velocity of a plate relative to the rigid deep mantle and r the radius vector from the centre of the Earth, we find that the resultant moment M of the forces driving the plate must be given by where the integral is over the area occupied by the plate, and I is the inertia tensor, referred to the Earth's centre as origin, of a thin lamina of unit surface density spread over the plate.
Results
Inertia tensors and their inverses were calculated for the eight plates considered by Chase (1 972), i.e. Antarctic, Pacific, Indian, African, American, Eurasian, Nazca and Cocos. The Arabian, Caribbean and Philippine plates were excluded, the Scotia plate was included in the Antarctic, and other plate boundaries were taken from Chase (1972) and Barazangi & Dorman (1969) . All integrations were done numerically on a grid at 10" intervals in both latitude and longitude, except for the small Cocos plate where 5" was used. The results are shown in Table 2 , together with angular velocity components calculated from equation (1) and the moments in Table 1 . The unit of moment of inertia used in Table 2 was chosen so that a ' square ' 10" x 10" centred on the equator has unit moment about the polar axis. In the units of Tables 1 and 2, equation (1) gives w = 5.399 Z-'M. Table 3 presents a comparison between the computed relative angular velocities and those of Chase (1972) , for all plate pairs for which Chase had a reasonable number of measurements of both rate and direction. The agreement between computed and observed motions seems tolerable in view of the highly simplified model we used, except for the Cocos plate. Part of the trouble there arises because the plate is small, and so a small error in the positions of the forces acting on it causes a large error in the rate of rotation about its own centroid. In an attempt to counter this effect, equation (1) was used to find the resultant moment which was consistent with Chase's determination of the plate's motion relative to the Pacific and ours for the Pacific relative to the deep mantle. The result is that the Cocos plate would be driven in the proper direction at the proper rate by a torque with components (-2.89,0.49, 2.21) in the units of Table 1 , i.e. with a magnitude 0.161 times that of Table 1 about an axis 11" away. The error in position seems acceptably small. It is consistent with a force crossing the subduction zone at latitude 13", longitude -90" in azimuth -38", respectively 2", 3" and 11" from the values given in Table 1 .
The error in magnitude indicates a serious deficiency in the model, however. Part of it could arise from the small area of the plate: the velocity profile of Fig. 1 would not be fully developed near plate edges, and for the Cocos plate that means a large fraction of the area. But much of the error could arise from the plate's small thickness. The pull per unit breadth on a plate of thickness h propelled mainly by a subduction zone extending to depth d is proportional to hd, while the resisting force is proportional to LV, where L is the plate's length and V the velocity. So L/t cc I/ cc hd/L cc tid/L, where t is the time required for a point on the plate to cross it, and we have used the proportionality h cc t* which Turcotte & Oxburgh (1969) deduced from the theory of heat diffusion into the growing plate. Hence h cc L3d-+, and the driving force per unit breadth c c L*d*. L for the Cocos plate is about one-tenth that of the Pacific plate, while d has similar values, and so we would expect a driving force only lo-* = 0.217 times as strong. This factor is not far from the 0.161 which would explain its observed speed. By the same argument, the subduction-zone pull on the American plate, and all the torques on the Indian and Nazca plates, should be reduced by nearly half. The second approximation presented in Tables 2 and 3 was computed using a factor of exactly one-half. Its effect is to reduce all the large discrepancies between calculated and observed plate speeds, so that their ratios now range from 0.81 to 1.38 (instead of 0.80 to 8.8 as in the first approximation).
This improved fit requires the tt dependence of thickness to continue for over 100 My. It is usually held that Sclater, Anderson & Bell (1971) proved the contrary, but the sea is a few hundred metres deeper than their theory predicts above both very young and very old oceanic crust, and shallower for intermediate ages. Our asthenospheric flow pattern (Fig. 1) implies that the pressure is higher under the leading end of each plate than the trailing end, which deepens the sea near mid-ocean ridges and makes it shallower near trenches, by some hundreds of metres. Fig. 2 of Sclater et al. shows the effect clearly for crust younger than 40 My, and would show it also for older crust if the t3 dependence were continued.
Plate splitting
So far, we have taken plate boundaries and subduction zones where we find them. Can we do more? A simple explanation can be suggested at least for the Red Sea and African rift valley. Before these opened up, the Arabian plate was part of the African . - plate, with an active subduction zone under the Zagros mountains and eastern Mediterranean. There would therefore have been quite large forces pulling the plate in the general direction of the arrows in Fig. 2 . Close by, there was a re-entrant corner at A on thc boundary with the Indian plate, which would magnify the stresses locally, presumably enough to start a crack. This crack then began to propagate towards B, where it bifurcated into BD going up the future Red Sea and BC down the African rift. Both branches have bifurcated again at corners, but the particular courses they follow must depend on the local geology. The crack AB has since moved slightly north of the sharp corner because the Arabian plate has been moving north faster than the Indian (McKenzie & Sclater 1971). Since Arabia split off, the African plate has had only one small subduction zone. Presumably this is why the crack BC has not reached the African-Antarctic boundary. The net force on the plate is still northward (Table l) , as is the motion (Table 2) , and so the Somali plate fragment east of the rift is being pushed from behind, at one side. This may accomt for its present small clockwise rotation relative to Africa. (Treating it as a separate plate by the methods used for Tables 1 and 2 improves the AfricanAmerican angular velocity misfit but does not yield sensible results for the Somali plate itself the model does not yet include interactions between plates of the kind which must occur here.) Some other plate boundaries could have started in the same way at re-entrant corners concentrating a tensile horizontal deviatoric stress. 
Discussion
In the present state of knowledge one can speculate about the origin of plates almost at will. The real justification for our model is the way it accounts for the present velocities of plates varying in size from the Cocos to the Pacific, and covering most of the Earth's surface. Some problems do remain, though. The largest plates not so far considered are the Arabian and Philippine. Both are small enough to require a treatment like the Cocos, where observed velocities are used to find torques, because the reverse process would lead to ill-conditioned equations. The Arabian plate is presumably still being pulled away from Africa by the shallow Zagros slab, aided by ' midoceanic push' in the Red Sea, but detailed calculation must await a better determination of the African plate's velocity relative to the deep mantle. Table 3 , and the discussion of the African rift in the previous section, make one suspect that there are still significant errors. As for the Philippine plate, all one can say in the absence of speed measurements is that the Ryukyu and Philippine trenches are pulling it in something like the expected direction.
The theory does not explain the motion of such plates as the Caribbean, which have no subduction zones of their own but are pulled by such zones belonging to other plates. McKenzie (1969) has shown how to calculate the forces involved. As they are small compared with those considered here, one would expect the Caribbean plate to be moving slowly, which it is, and that only very small plates like the Turkish could be moved at rates comparable to the major plates by this means, or by direct pushing from adjacent plates. Our model of plate motions also does not explain why the Eurasian plate behaves so differently from the American above a subduction zone: the Eurasian has a large number of fragments, while the American has two at most (the Caribbean and Scotia seas).
An objection which might be raised to our model is that the tension near the oceanic side of a sinking slab would tear the plate apart and prevent forces being transmitted to the remainder. Normal faults do indeed occur there, but hydrostatic pressure must make all the principal stresses compressive below a few kilometres, and this allows the lithosphere to act as a ' stress guide' to the remainder of the plate (Elsasser 1969).
McKenzie et al. (1974) have offered another objection that 'if the temperature difference between the sinking slab of thickness 70 km and the mantle is 1000 "C, then the temperature difference across regions 5000 k m in extent must be much less than 15 "C if the buoyancy force of the boundary layer is to dominate '. If that argument were valid, it would also show that the mid-ocean push on a plate was vastly greater than the subduction zone pull. McKenzie et al. themselves point out that it is smaller.
Resistance caused by friction between the overthrusting and underthrusting plates where they are in contact at a subduction zone has been neglected in this study. It would be more important for the thinner plates; according to Table 3 their velocities are still in need of reduction.
Conclusions
It is possible to account for the major part of the motion of the eight principal plates without considering any driving forces except the well-known downward pull at subduction zones and outward push from mid-ocean ridges, and with the simplest possible hypothesis for flow in the asthenosphere. As some of the numerical parameters on which the theory depends are poorly known, this could be coincidental, and the actual driving forces coald be quite different. The actual resistance to strain in the asthenosphere could likewise be governed by non-Newtonian laws of viscosity. But the model chosen here seems reasonable and does explain most of the facts. It also explains the location of the one plate boundary at present forming far from any old boundary-the African rift. It may also help to explain how Gondwanaland split apart.
After this work was submitted for publication, an independent analysis of the same problem appeared, by Solomon & Sleep (1974) . They consider a greater variety of resistances to motion, but take all relative velocities as given instead of trying to predict them. Their results for absolute velocities relative to the deep mantle are very insensitive to the particular drag mechanism assumed. Our relative plate velocities are, on the other hand, sensitive enough to provide a useful means of testing the theories, and further work in this direction is in progress.
